It was previously proposed that the activation of rat liver phenylalanine hydroxylase (EC 1.14. enzymes S16E and S16D by a factor of 6-7. In contrast, the mutants S16Q, S16N, and S16A all showed the same magnitude of activation as the wild-type with lysolecithin. Therefore, this study demonstrates that activation of the enzyme by phosphorylation of Ser-16 by cAMP-dependent protein kinase is due to the introduction of negative charge(s) and strongly suggests the involvement of electrostatic interaction between the regulatory and catalytic domains of the hydroxylase.
Recently, it has been reported that recombinant rat liver PAH is activated about 4-fold by the replacement of Ser-16 with a negatively charged glutamate residue. It was suggested that electrostatic interactions might be involved in the activation of the enzyme by phosphorylation (12) . In the present study, we 25 ,000 x g in an SS-34 rotor in a Sorvall RC-5B centrifuge. The pellet was discarded. The supernatant was loaded on a phenyl-Sepharose affinity column and then washed and eluted as described (17) . The fractions with the highest activity were pooled and applied to a DEAEcellulose column (2.5 cm x 10 cm) and then eluted by a gradient of 0-0.4 M KCl in 0.03 M Tris HCl (pH 7.6). The enzyme was concentrated by ultrafiltration. Protein was quantitated with the Pierce Bradford assay with bovine serum albumin as standard. Purified enzymes were subjected to SDS/10% polyacrylamide gel electrophoresis (18) (see Fig. 2A ).
Immunological Analysis. Samples (2 ,ug) of purified wildtype and mutant proteins were subjected to SDS/polyacrylamide gel electrophoresis and subsequently transferred to a nitrocellulose membrane. After transfer, the membrane was preincubated at room temperature for 1 hr in 20 ml of Tris-buffered saline (TBS: 0.1 M Tris HCl, pH 7.5/0.9% NaCl) containing 0.1% Tween 20. The membrane was then washed three times for 10 min with TBS at room temperature and incubated with sheep anti-rat PAH antibody from Pierce (1:250). The membrane was then washed as described above and incubated with horseradish peroxidase-conjugated rabbit anti-sheep IgG (1:200). Finally, the membrane was washed with 20 ml of TBS three times over a 15-min span, and the antibody complexes were visualized with H202 and 4-chloro-1-naphthol (see Fig. 2B ).
Enzyme Assays. Initial rates for the phenylalaninedependent oxidation of NADH were determined spectrophotometrically at 340 nm with a Gilford 250 spectrophotometer that was temperature controlled by a Neslab Instruments (Portsmouth, NH) RTE-110 waterbath (16) . Enzyme assays were performed in 0.1 M potassium phosphate buffer (pH 6.8) at 25°C at atmospheric oxygen tension. The assay mixture contained 0.01% catalase, 0.125 mM NADH, and an excess of sheep liver dihydropteridine reductase. The range of Lphenylalanine concentrations was from 0.02 to 1 mM in the presence of 0.02 mM BH4, and the range of BH4 was from 0.001 to 0.01 mM in the presence of 1 mM L-phenylalanine. An extinction coefficient of 6220 M-1 cm-1 was used to calculate the amount of NADH oxidized. The initial rates were corrected for the contribution due to any autoxidation of BH4. The specific activities of the wild-type and the mutant enzymes were measured by the colorimetric determination of tyrosine formation (19) . The enzymes were assayed at 25°C for 30 min in the presence of 6MPH4 as cofactor. The reaction mixture (1 ml) contained 0.1 M phosphate buffer (pH 6.8), 5 mM L-phenylalanine 0.01% catalase, 0.35 mM NADH, 10 mM glucose 6-phosphate, and excess dihydropteridine reductase and glucose-6-phosphate dehydrogenase. The reactions were stopped by the addition of 12% trichloroacetic acid and the tyrosine formed was measured by the nitrosonaphthol method (20) .
Phosphorylation. Recombinant rat liver PAH was phosphorylated at 30°C in a reaction mixture (0.2 ml) containing 10 mM Tris-HCl (pH 7.4), 1 893 . The EcoRI-Xho I DNA fragment was purified and ligated to pCRII (Novagen) which had been cut with EcoRI and Xho I to generate single-stranded uracil-labeled template for mutagenesis. After propagation in E. coli DH5, recombinant plasmid DNA was isolated, and the mutations were verified by sequencing the subcloned double-stranded DNA. The mutated EcoRI-Xho I fragments were finally subcloned into the EcoRI-Xho I site of the expression vector pLNC209. Mutant S16E was constructed and verified as described (12) .
Expression of PAH Mutants. The wild-type parent plasmid and each mutant plasmid were then expressed in large-scale cultures and the expressed enzymes were isolated and purified to homogeneity (13 levels comparable to the wild type (Fig. 2) . The specific activities of the wild type and the mutants measured in the presence of 6MPH4 ranged from 4.9 to 5.2 ,umolmin-lmg- (Table 1 ).
Activation of Recombinant Rat Liver PAH by Phosphorylation. Activation of PAH was observed only when assayed in the presence of BH4. When measured on aliquots after various times of incubation under phosphorylation conditions, the hydroxylase activity reached a maximum increase of 3.3-fold after 30 min (data not shown). Further, the rate of activation was found to depend on the amount of the catalytic subunit of PKA but the maximum activation reached was independent of the amount of kinase used. The apparent Km of the phosphorylated enzyme for BH4 was 1.6-fold higher than that of the wild-type hydroxylase. This result differs from that previously reported (21) , where no change in Km after phosphorylation was detected for PAH isolated from rat liver. This difference may reflect the fact that the native enzyme is already partially phosphorylated (21) . In agreement with the results obtained with the enzyme from liver (21) , no change in the apparent Km for phenylalanine was found when it was measured at a saturating concentration of BH4 ( (13) . In addition to the relatively large activation resulting from the replacement of Ser-16 with a negatively charged residue, Table 2 shows that a modest degree of activation resulted from replacement of Ser-16 with an uncharged residue such as glutamine or asparagine or the positively charged lysine. Substitution of alanine for Ser-16, however, did not result in activation. As shown in Fig. 3 , the extent of activation increased with the molecular volume of these uncharged or positively charged residues, as reflected by their average area (22) . The activating effect due to the increased (Fig. 4) . 1 lated hydroxylase was stimulated 7.5-fold whei presence of 1 mM lysolecithin, whereas the wi was stimulated 24-fold. This result is com activation previously reported for the recomb (13) and native (21) enzyme. Moreover, the m single negative charges, S16E and S16D, wer lysolecithin to the same extent as the phosphoi The mutants S16A, S16Q, S16N, and S16K we lysolecithin to about the same extent as the wi ylase. These results are coherent with the prev that activation by phosphorylation and by lyso additive, a finding that suggests that these moc affect the same part of the molecule (6) . The extend this conclusion even to the modest activ to the introduction of bulky amino acids at Se of activation of the various substitution mutant inversely proportional to the stimulation by indication that the higher the state of activatio extent of activation by the phospholipid. PAH is phosphorylated by PKA at a single position, Ser-16 (4). Phosphorylation of the hydroxylase has been shown to increase its activity 2-to 4-fold (21) . Replacement of Ser-16 with a glutamate residue can stimulate the hydroxylase activity to the same extent as that seen after phosphorylation, suggesting that activation by phosphorylation results from introducing a negative charge at this position (12) . These earlier results were rather preliminary, however, and did not include determination of Km (Table 2 ). rylated enzyme.
An additional, more subtle activating effect appears to correere activated by late with the volume of the amino acid at position 16 ( Fig. 3) . ild-type hydroxThis relationship can adequately explain the otherwise puz-,ious conclusion zling and unexpected activating effect of substitution of lysine lecithin are not for Ser-16. The finding that the activating effect due to this last les of activation substitution appears to be somewhat less than would have been e data in Fig. 5 expected from its size may reflect a deactivating effect of the rating effect due positively charged s-amino group of lysine. -r-16. The state As previously reported, lysolecithin can further stimulate the Ls is shown to be phosphorylated enzyme, but the stimulation is much less than lysolecithin, an that seen with the native enzyme (21) . Fig. 4 confirms these In, the lower the earlier results with the phosphorylated recombinant enzyme and shows that the phospholipid stimulates the mutants with negatively charged substituents (S16E and S16D) to about the same lesser extent as it does the phosphorylated enzyme, whereas the mutants bearing uncharged replacements are stimulated to the same extent as the wild-type enzyme. These results show that the activating effects due to the introduction of negative charge(s) and those due to lysolecithin are not additive. Rather, the data are consistent with the idea these different modes of activation are not independent but are on a common pathway. In further support of this notion, Fig. 5 shows that the extent of activation by lysolecithin is inversely proportional to the state of activation of the substitution Ser mutants. ii Ala
The present finding that replacement of Ser-16 with negatively charged residues activates the hydroxylase is in agree-26 30 ment with the proposal by Fisher and Kaufman (6) that the in regulatory domain contains a peptide sequence that acts as an internal inhibitor of catalytic activity. This proposal was based rious substitution on the observation that limited proteolysis of the enzyme, as e of activation by well as interaction with certain phospholipids, led to marked activation. The activation was postulated to be due to the Proc Natl. Acad Sci. USA 92 (1995) Proc. Natl. Acad. ScL USA 92 (1995) 4747 irreversible removal and the reversible displacement, respectively, of the putative inhibitory polypeptide chain (6) . Subsequently, it was shown that the region that exerts negative control over the catalytic activity is the regulatory domain located in the N-terminal third of the molecule (26) . The observation that phosphorylation of Ser-16 in this domain activates the enzyme could be accounted for by this model, since the introduction of an additional negative charge in this region can be visualized as partially displacing the inhibitory peptide from the catalytic domain through electrostatic repulsion.
The present results provide added support for this model of the regulation of PAH and for the proposal that electrostatic interactions are responsible for the activation by phosphorylation. Thus, replacement of Ser-16 with a negatively charged amino acid closely mimics the activation effect of phosphorylation of this residue, whereas replacement by a size-matched uncharged amino acid has a much smaller effect. That these neutral molecules can modestly activate the enzyme and that the activation appears to be proportional to their size (Fig. 3) suggests that some displacement of the regulatory domain, with consequent activation, can result from steric effects of the bulky side chains. A full assessment of the validity of this last notion will require further study.
